The ADM 1 model has been implemented in a steady-state whole wastewater plant simulator. The ADM 1 model has been in use with good success for approximately 2 years on a wide range of wastewater treatment facilities. However, a number of modifications were necessary to allow it to be used in the context of municipal wastewater treatment. It was found that the model's use was greatly simplified if used in conjunction with a larger plant simulator to assist in the feed fractionation. It was also found that a better fit to actual operating data was achieved if some of the slowly biodegradable particulate fraction was partitioned into ADM particulate fractions other than the composite fraction.
Introduction
A steady-state version of Anaerobic Digestion Model #1 (ADM 1) (Batstone et al., 2002) was implemented by CH2M HILL in its in-house wastewater plant simulation program, Pro2D, in mid-2003. Since that time it has become the standard anaerobic digestion model for all of CH2M HILL's wastewater work around the world, and has been applied to a broad range of full-scale wastewater simulation projects.
This paper discusses how the model was implemented within the larger wastewater plant simulator and how the model has performed in this function. This will include both the benefits and the limitations of the model and how they were addressed.
Methodology
Pro2D is a steady-state MS Excel-based whole plant simulator. Table 1 compares the variable sets and the conversion paths between the ADM 1, Pro2D, and ASM 2d models. Pro2D accomplishes most of its calculations within the context of the spreadsheet itself. However, the activated sludge model (ASM 2d) and the ADM 1 model are too calculation-intensive for Excel. These two models are implanted in Visual Basic code that is associated with the Excel spreadsheet.
Not all the Pro2D variables have a direct correlation in ADM 1. For example, ADM 1 does not directly track BOD 5 , TSS, VSS, H 2 S, or phosphorus fractions, and ADM 1 has additional variables that are not included in Pro2D's parameter set, e.g. the separate VFAs, proteins, lipids, and carbohydrates, to name a few.
Most of the variables in the models can be mapped between the parameter sets with appropriate conversions, which appear to be reasonably constant based on our experience. Table 1 provides a map showing the conversions of the parameters from ASM 2d, Pro2D and ADM 1. The most problematic conversion was in converting the Pro2D particulate COD fractions (or ASM slowly biodegradable fraction, X s ) to the composite (X c ), proteins (X pr ), lipids (X li ), and carbohydrates (X ch ) fractions in ADM. It was found that this conversion had a very large effect on the final prediction of the ADM 1 model. The IWA ADM 1 book did not provide clear guidance on how this might be done for municipal sludges. It was decided that the active biomass fractions would be placed in the composite fraction and that the particulate biodegradable material would be distributed between the composite fraction and the proteins, carbohydrates and lipids.
In Pro2D, the particulate biodegradable fraction is mostly a result of the biodegradable matter in raw wastewater, which is separated and directed to digestion. Thus this material is representative of the biodegradable primary sludge portion of the digester feed. It was assumed that at least some portion of primary sludge will have gone through the disintegration step prior to hydrolysis, acid and methane generation steps as a result of the nature of raw sewage and the action in the upstream sewer system and in the upstream treatment processes.
We were not able to find data on what this split should be, so decided to calibrate this split based on actual operating data. It was found that a good fit to VSS destruction was had when approximately 50% of the particulate biodegradable fraction was directed to the composite fraction and the remaining to the carbohydrates, proteins and lipids. The second part of this question was then how to distribute the particulate biodegradable amongst the remaining three fractions. Since the particulate biodegradable fraction has an associated nitrogen fraction, it allows using the ADM 1 standard nitrogen fraction for proteins to determine how much COD was associated with that fraction. The remaining COD was then split to carbohydrates and lipids according to the fractions normally seen in the Xc disintegration step.
Another significant difficulty in implanting ADM 1 is the lack of a phosphorus component in the model. Phosphorus is critical in simulating wastewater treatment. For this implementation of ADM 1, it was decided not to include phosphorus in the matrix calculations, but to overlay them in Excel. The phosphorus calculations were done using fractions of the COD components as the basis. They include calculations for struvite formation within the digester.
All influent VFAs were assumed to be acetate. The soluble biodegradable fraction was portioned among the monosaccarides (S su ), amino acids (S aa ), and long chain fatty acids (S fa ) in a manner similar to that for the carbohydrates, lipids, and proteins, i.e., the nitrogen fraction of S aa determines the amount of COD that associated with amino acids, and the remaining COD was portioned as follows: 90% to S su , and 10% to S fa . The colloidal fractions in Pro2D were partitioned into the soluble fractions within ADM 1. The nonbiodegradable fractions were converted into the ADM inert fractions.
Results and discussion
The above discussion illustrates the issues surrounding the complexity of the model. The complexity of the ADM 1 feed characterization and the general lack of information or methods on sludge characterization made feed fractionation problematic. It was decided that the most practical method of using the model as presented was to embed it in a larger plant simulator that used a better known system of characterization. For CH2M HILL this was our Pro2D whole plant model and its embedded implementation of the ASM 2d single sludge model. Using this framework, it was relatively simple to fractionate the sludge fractions into the components needed for ADM 1.
It is CH2M HILL's opinion that it is very unlikely that the ADM 1 model would be able to be practically used for actual design work independent of a larger plant model in the municipal wastewater setting. There are two reasons for this conclusion. First, there are currently no simple methods of determining the needed fractions. Second, when used with a larger plant model of sufficient sophistication, the fractionation is greatly simplified and the need for complex characterization data is reduced.
Yun, et al. have compared the performance of the ADM 1 within Pro2D and found that it can accurately predict the VSS destruction and gas production seen in a wide variety of wastewater facilities. Figures 1 and 2 show the performance of the model as compared to actual measured operation. It can be seen that the VS destruction predictions are all within 10% of the actual values, except for WWTP 5 where a 16% difference was obtained (not including WWTP 4, 6 and 9). The gas production numbers in Figure 2 do not agree quite as well, however the differences are still within 20% for four plants. This larger variation is attributed to the difficulties in measuring digester gas rates accurately in the field. Figure 3 shows the predictions of methane content of the digester gas. This graph shows good agreement in trends. However, Figure 3 also seems to indicate that the ADM 1 model consistently underpredicts the methane content by approximately 1 to 15 points. The most likely reason for this is a lack of calibration data on the Kla values for the gas fractions. It may be that the assumed default number was incorrect. In addition, there are two other major areas that ADM 1 does not currently address and that are very important for municipal wastewater treatment systems. These are the tracking and fate of phosphorus and sulfur in an anaerobic system.
Phosphorus is a key nutrient in wastewater treatment. In an anaerobic digestion system, phosphorus is released as part of the digestion process. After release it is precipitated in a number of different forms. The two major pathways are the precipitation as struvite (MgNH 4 PO 4 ) and the precipitation with metal salts, such as iron, aluminum, and calcium. These precipitation steps are critical to the performance of a nutrient removal wastewater facility. It has been found that the nutrient recycle loads (from dewatering filtrate/centrate) to the wastewater bioreactor system can be as high as 30% of the total nutrient load. This high recycle load illustrates the importance of an accurate method of tracking phosphorus through the anaerobic digestion process.
Another important aspect of accurately tracking phosphorus is its effect on the pH of the digestion system. ADM 1 tracks all the major ions, except phosphorus, in its pH calculations. It should be noted that adding phosphorus (and its associated precipitation kinetics) requires the inclusion of ionic activity effects because of the high charge of the phosphate ion (PO 4 23 ) (Fairlamb et al., 2004) . The inclusion of activity effects was not absolutely necessary in the current ADM, because all the ions of interest were only single-charged.
The second area that should be included in an anaerobic digestion model is the fate of sulfur. Sulfur in anaerobic digestion is important for two reasons. First is its release and transformation in the digester to H 2 S in the digester gas phase. Gas phase H 2 S is responsible for a large portion of the maintenance difficulties utilities have with the beneficial use of digester gas at their facilities. In addition, it is monitored as an airborne pollutant and it is important to be able to determine the levels seen in digester gas. The second reason sulfur needs to be tracked is that in its transformation into organic sulfur compounds, it can create odour issues with the digested sludge (WERF, 2003; Wu and Parker, 2004) . Recent research has found that these compounds appear to be the primary agents responsible for significant odour issues with the digested product.
Phosphate species have a significant effect on the pH of the digester contents. CH2M HILL has done some preliminary work investigating the effect of phosphate on the digester. Activity calculations were used for this determination. One major assumption that was necessary when adding phosphorus to the system was that upon decay the biomass releases cations to charge balance the release of phosphate during decay.
Conclusions
The ADM 1 model has been found to reliably predict VSS destruction in municipal wastewater treatment plants, provided that the feed is correctly characterized. Since little data is available on the methods of feed characterization, it was found that embedding the model within a larger whole plant simulator greatly reduced the characterization needs and resulted in good parameter estimates.
While the ADM 1 model does adequately predict major operating parameters, it lacks important aspects that are needed for it to be used on a wider scale in the modeling and design of anaerobic digestion systems for municipal wastewater treatment facilities. The lacking aspects are as follows: first, the inclusion of phosphorus in the model is needed. The accurate tracking of phosphate with respect to struvite formation, metal salt precipitation, and pH is needed to make the model more applicable to the modeling and design of municipal wastewater treatment anaerobic digestion systems. Secondly, the fate and transport of sulfur species should be included in the model. This is important for the prediction of H 2 S content in the digester gas and the resultant operations and maintenance issues surround its beneficial use. Also, it is important to be able to predict the development of organic sulfur compounds that contribute to biosolids odours from the digested product.
